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PreviewsHomeobox Galore:
When Reproduction
Goes RHOX and Roll
Homeobox transcription factors exert essential roles
in embryogenesis and are thought to govern regener-
ative cell differentiation. In this issue of Cell, MacLean
and colleagues (MacLean et al., 2005) describe a new
homeobox gene cluster composed of genes selec-
tively expressed in reproductive tissues. Remarkably,
the cluster is on the X chromosome, and the genes
display a colinear pattern of expression.
To ensure that the exquisite timing of gene expression
during developmental processes is maintained, a number
of crafty molecular mechanisms have evolved. An im-
portant set of transcription factors that control de-
velopmental events are encoded by homeobox-con-
taining genes. Homeobox transcription factors regulate
a wide variety of embryonic developmental programs,
including axis formation, limb development, and organ-
ogenesis (Trainor and Krumlauf, 2000; Kmita and Du-
boule, 2003), but are also thought to govern regenera-
tive differentiation of cells in adult tissues such as liver,
kidney, and intestine (Cillo et al., 2001). Within the semi-
niferous tubules of the testis, the continuing prolifera-
tion and differentiation of male germ cells is paramount
to male fertility and is under the control of a complex
program of gene expression (Sassone-Corsi, 2002). De-
spite significant advances in our understanding of the
physiological and molecular mechanisms that regulate
this complex process, many of the pathways that gov-
ern germ cell proliferation and maturation remain unde-
ciphered.
Almost precisely 20 years after the initial discovery
of the homeobox, MacLean and coworkers (MacLean
et al., 2005) report the identification and characteriza-
tion of a new cluster of 12 homeobox genes. The clus-
ter is on the X chromosome and comprises the subfam-
ily of reproductive homeobox X-linked (Rhox) genes,
which would appear to play important regulatory roles
in reproduction. The 12 genes are organized into three
subclusters, α (Rhox 1–4), β (Rhox 5–9), and γ (Rhox
10–12), and are selectively expressed in reproductive
tissues: the testis, epididymis, ovary, and placenta.
Most of the Rhox genes are expressed in the somatic
Sertoli cells of the testis, remarkable cells that nurture
and control the developing germ cells. Other Rhox
genes are expressed in another somatic cell type of the
testis, the steroidogenic Leydig cells.
The clustering of homeobox genes, such as that ob-
served in the hox cluster, constitutes a clever device
that allows a pattern of organized, differential gene
transcription in which an expression gradient is achieved
either spatially, temporally, or quantitatively, dependingon the location of each gene within the cluster (Si-
meone et al., 1990; Kmita and Duboule, 2003). In turn,
this permits an exquisite fine tuning of gene regulation
relevant to the role that each individual gene plays in
the regulation of target tissue development. In the tes-
tis, the genes of each Rhox subcluster are expressed
with quantitative colinearity with strict correlation with
their position within the subcluster. Moreover, genes in
subclusters α and γ display temporal colinearity, with
each subsequent Rhox gene being expressed at pro-
gressively later points of testes development. It would
seem that the Rhox cluster represents an ideal regula-
tory system that would fulfil the needs of Sertoli cells
to provide temporally variable signals to the developing
germ cells at different stages of development: to prolif-
erate, to divide, and to differentiate.
In this context, the finding that Rhox gene expression
is under androgen regulation is significant. The exqui-
site temporal regulation of Rhox gene expression may
be linked to signaling control by hormonal factors such
as, indeed, the androgen-mediated regulation in Sertoli
cells. In addition, the androgen-dependent Rhox gene
expression may constitute a mechanism to elicit the an-
drogen-responsive activation of genes that lack an ARE
(androgen responsive element) in their promoter. It re-
mains to be seen if there exists a more explicit role
of the hypothalamic-pituitary-gonadal (HPG) axis in the
regulation of Rhox gene expression. In particular, the
seasonal variability of testicular functions in many ro-
dents in response to modulated HPG function could, at
least in part, be translated in molecular terms by the
Rhox genes.
Some lines of evidence indicate that the human and
mouse X chromosomes have a higher proportion of
genes involved in reproduction than autosomes (Lercher
et al., 2003; Saifi and Chandra, 1999; Wang et al., 2001).
Thereby, the localization of the Rhox cluster on this
chromosome is probably not coincidental. Further, the
expression of the Rhox gene cluster in reproductive tis-
sues suggests that, like the function of Hox genes in
embryogenesis, its members are good candidates to
govern gametogenesis and fertility. This certainly ap-
pears to be the case at least for Rhox5, whose ablation
by homologous recombination results in male mice that
are subfertile with reduced sperm count, decreased
sperm motility, and increased occurrences of apoptosis
in spermatocytes. Interestingly, the phenotype resulting
from the disruption in Rhox5 expression in somatic
cells was limited to the developing male germ cells.
There exists intimate contact and communication be-
tween Sertoli cells and developing germ cells (Cheng
and Mruk, 2002). One fascinating finding is that Rhox
transcription factors appear to regulate the expression
of somatic cell gene products that are critical for germ
cell survival and development. Interestingly, it appears
that the timing of the expression of specific Rhox genes
in Sertoli cells may be important in regulating key
events in the spermatogonia-to-spermatozoa differenti-
ation program. The temporal expression of Rhox1 is
Cell
288Ssuch that it may play a role in promoting Sertoli cell
and, germ cell proliferation in the prepubertal testis. In-
Cdeed at the time when Rhox1 expression shuts off, Ser-
Ctoli cells stop dividing and undergo terminal differentia-
Ption—coincidently, when most of the spermatogonia
Kdifferentiate into nondividing meiotic spermatocytes.
LSimilarly, as the peak expression of Rhox2, Rhox5,
2Rhox8, and Rhox10 correlates with the end of Sertoli
Mcell proliferation and the transition of spermatocytes
Mfrom preleptotene to diplotene, these genes may regu-
t
late the decision making of spermatogonia to prolifer-
Sate or differentiate into meiotic competent spermato- S
cytes. Rhox7 transcription temporally overlaps the
S
progression of secondary spermatocytes, whereas the
Sexpression patterns of Rhox3 and Rhox11 suggest that
E
they may regulate the expression of factors that govern
Tspermatid maturation. 1
In Sertoli cells, the specific genes required for male
W
germ cell differentiation are expressed in a manner that G
depends on the stage of the spermatogenic cycle.
Rhox genes could be involved in defining this semini- D
ferous epithelial cycle, in a fashion analogous to how
Hox genes establish body segmentation during embry-
ogenesis. However, it remains to be seen whether the
colinearity of Rhox gene expression can be extended
to consecutive spermatogenic stages in adult animals
and whether it is under the control of a unique Sertoli
cell-specific enhancer. Rhox transcription factors could
control the expression of proteins necessary for the dif-
ferentiation of defined subsets of male germ cells that
are in contact at given times with Sertoli cells. This may
be of particular interest considering the significant dif-
ferences in the organization of spermatogenesis be-
tween humans and mice and the fact that the human
complement seems limited to only two RHOX genes.
A number of important issues remain to be investi-
gated concerning the role of the Rhox gene cluster.
Since the Rhox gene cluster is also highly expressed in
ovary, it remains to be explored what role Rhox genes
exert in female gametogenesis. Further, given that the
expression of genes in the Rhox cluster is strikingly
high in the placenta, it will also be of interest to deter-
mine the importance of Rhox transcription factors in
the development of this unique tissue. One of the most
pressing questions lies in the mechanism by which
Rhox proteins can regulate fertility. Tantalizing is the
observation made by the authors: they point out that
the four key homeodomain residues that make base-
specific contacts with DNA are highly variable in dif-
ferent Rhox proteins; also, they tend to differ from the
amino acids found at these positions in other homeo-
domain proteins. This may indicate a unique DNA se-
quence binding specificity of Rhox proteins and/or the
ability to bind an exclusive set of targets. These repre-
sent exciting avenues to pursue in future studies. The
discovery of the novel Rhox homeobox gene cluster
constitutes an exciting development that will undoubt-
edly provide important insight into the mechanisms
regulating male and female fertility.
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